Abstract. To assess the influence of diabetes mellitus in predisposing to pulmonary mucormycosis, a murine model of streptozotocin-induced diabetes was used. Intranasal inoculation of Rhizopus oryzae into diabetic mice resulted in mucormycotic infection with histopathology resembling pulmonary mucormycosis observed in humans. There was no mortality nor infection in inoculated normal mice. Diabetic mice had fatal infections caused by R. oryzae but significantly reduced mortality following inoculation with Aspergillus fumigatus. These findings reflect the specific enhanced susceptibility to mucormycosis observed in human diabetics.
Introduction
Mucormycosis in humans is rare in the absence of preexisting disease states known to affect immune competence (1) . One such underlying disease is diabetes mellitus, and its specific association with mucormycosis is well documented (2) . There are a variety of studies, however, with conflicting data to explain the apparent propensity of diabetics to develop mucormycotic infections (3) (4) (5) . Numerous animal models using various predisposing agents and routes of inoculation have been used (6) (7) (8) (9) (10) (11) (12) (13) . Often these models resulted in susceptibility to a variety of opportunistic organisms and differed markedly from mucormycosis, which typically occurs in uncontrolled human diabetics (2) .
Prevention of mucormycosis requires control ofeither spore germination and/or hyphal growth by the host. Bronchoalveolar macrophages or monocytes are the first phagocytic cells to encounter inhaled organisms and are a primary host defense mechanism (14) . We have previously shown that mononuclear and polymorphonuclear cells are capable of killing the tissueinvasive hyphal phase of Rhizopus oryzae (15) (16) (17) . However, only rarely are polymorphonuclear cells observed in the histopathological pulmonary mucormycotic lesions of diabetics. Whether inhibition of spore germination and damage or killing of Rhizopus spores are caused by bronchoalveolar macrophages or other cellular or humoral components has not been determined.
To assess the influence of diabetes in predisposing to pulmonary mucormycotic infection, a murine model of diabetic mucormycosis was developed. This model provided an opportunity for evaluation ofthe relative importance ofcell and serummediated host factors in the pathogenesis of mucormycosis. In these studies, there was a specific susceptibility of diabetic mice to pulmonary and disseminated mucormycosis. Germination of spores and infection occurred only in diabetic mice. Diabetic mouse sera allowed spore germination, and diabetic macrophages had a reduced ability to inhibit germination of R. oryzae spores. spore and conidia harvesting ( 17) . Viability counts for the production of inocula were determined on Sabouraud's agar (12) . Hyphae were obtained by incubating R. oryzae spores in Sabouraud's broth at 370C for 5-6 h until .90-95% of the spores germinated to .30 Am in length as in our previous studies (17) . Hyphae were stored overnight at 40C before use.
Induction ofdiabetes. 4-6-wk-old female pathogen-free mice (Charles River CD-I strain) weighing 20-22 g were obtained from Charles River Breeding Laboratories, Inc., Wilmington, MA. The mice were given free access to water and standard laboratory diet, except during the 8 h prior to streptozotocin or buffer injection when food was withdrawn.
Streptozotocin (U-9889, lot #1 180K) was used to induce diabetes (18) and was kindly supplied by Dr. William E. Dulin of the Upjohn Co. (Kalamazoo, MI). Streptozotocin was dissolved in ice-cold citrate buffer (pH 4.2), and a dose of 250 mg/kg in 0.2 ml was injected intraperitoneally within 10 min of dissolution. Control animals received 0.2 ml of buffer. Mice were used 7-14 d after streptozotocin or buffer injection.
Animal model. Graded doses of spores, conidia, or sterile aqueous inocula were administered intranasally 7 d following injection of streptozotocin or buffer (12) . The animals were observed for 10 d, and the cumulative mortality and 50% lethal dose determined (19) . When the animals died or were sacrificed, the organ distribution of viable fungi was determined (12) . Portions of lung tissue were processed and stained with Grocott methenamine silver and hematoxylin and eosin for histological evaluation.
To determine if phagocytosis or germination of inoculated spores occurred, bronchoalveolar lavage was performed on normal and diabetic mice at 18 h after intranasal inoculation. Experiments done at various time intervals after inoculation and examination of stained tissue sections indicated that 18 h was the optimal time for lavage to recover the maximum number of ungerminated or newly germinated spores. Aseptic lavage was executed using a 1.1 mm (20 gauge) Angiocath (Parke, Davis and Co., Sandy, UT) for tracheal cannulation and was secured with a ligature (20) . Each mouse received 3-5 1.0-ml lavages with modified Hanks balanced salt solution (HBSS) (21) . Any lavage fluid contaminated with blood was discarded. Lavage fluids from three to five mice were pooled, and the alveolar lavage cells and spores were washed three times in complete HBSS and vortexed vigorously. Aliquots of 0.2 ml samples were placed in flat-bottomed microtiter plates (Corning Glass Works, Corning, NY). The plates were centrifuged for 5 min at 800 g, and spores ingested or associated with cells or spore germination were determined by direct microscopic counts using an inverted microscope (Olympus IMT, Olympus Optical Co., Tokyo, Japan). Because of the size (7-8 pm diameter) and dark pigmentation of R. oryzae spores, visualization of internalized and germinated spores was possible without staining. The data are expressed as the percent of spores: (number of spores associated with a cell or germinated/total number) X 100. At least three experiments were done in which at least 100 spores were counted. Additional samples were incubated at 370C for 5 h to facilitate further germination of spores.
Blood, sera, and alveolar-lining material. At the time ofstreptozotocin or buffer injection and 7 and 10 d after injection, nonfasted normal and diabetic mice inoculated with R. oryzae or sham inocula were exsanguinated. Whole blood pH was immediately measured on a radiometer, America PHM8 (Radiometer Co., Copenhagen, Denmark). Whole blood was diluted 1:1 in ice-cold 30% perchloric acid, the cells were removed by centrifugation, and the supernatant stored frozen at -4°C until the glucose (22), fl-hydroxybutyrate (23), and acetoacetate (24) concentrations were determined. Sera were obtained from normal and diabetic mice at 7-10 d after injection of streptozotocin or buffer. Serum was either used immediately, or sterilized by filtration through a 0.22-,gm millex filter (Millipore Co., Bedford, MA) and stored frozen at -40C. Spectrophotometric determination of serum iron and total iron binding capacity was performed (25, 26) . Alveolar-lining material was obtained by centrifuging lavage fluid at 160 g for 5 min to remove cells. The supernatant was concentrated 20-fold by positive pressure filtration or centrifuging at 40,000 g and resuspending the pellet in '/20th the original volume of HBSS (27) . The pH, glucose, acetoacetate, iron, and total iron-binding capacity were determined as above.
Bronchoalveolar macrophage-mediated inhibition of spore germination and damage to spores and hyphae in vitro. Bronchoalveolar lavage cells were harvested and pooled from 5 to 10 uninoculated normal or diabetic mice. The cells were 90.5-100% viable when assessed by exclusion of 0.1% trypan blue. Cells stained by Wright-giemsa were --80% macrophages and monocytes and the remainder of cells were lymphocytes, with .1% polymorphonuclear cells. Preliminary experiments showed that 5-24-h incubation of bronchoalveolar macrophages in complete tissue culture media (MI99 Gibco Laboratories, Grand Island, NY) caused a reversal in diabetes-associated macrophage defects. Therefore, all macrophages were used immediately upon harvesting for in vitro assays.
Bronchoalveolar macrophages were challenged in vitro with R. oryzae spores (5:1; cell-to-spore ratio) or hyphae (10:1). These ratios were determined to be optimal for maximum attachment. The cultures, as above, were then centrifuged for 5 min at 800 g before incubation at 37°C for 1-6 h in 50% (vol/vol) fresh sera (normal or diabetic) or HBSS in flat-bottomed microtiter plates. Following incubation and vigorous vortexing, the percent ofbronchoalveolar macrophages attached to spores or hyphae was measured by microscopic counts and calculated as above.
The reduction of spore germination following incubation with bronchoalveolar macrophages in vitro was determined by using a modification of the procedure of Schaffner et al. (28) . Briefly, cells and R. oryzae spores in a 10:1 ratio, or spores alone in 50% (vol/vol) fresh sera (normal or diabetic) or buffer (HBSS with 50 U/ml penicillin and 50 Ug/ml streptomycin) were centrifuged for 5 min at 800 g and incubated for 15 min at 37°C. Aliquots of0.2 ml samples were placed in flat-bottomed microtiter plates. The incubation was continued for a total of 5 h at 37°C, 5% C02, followed by 10 h at 25°C. The plates were centrifuged for 5 min at 800 g, supernatants removed, and 0.1 ml of 2.5% deoxycholate added to lyse the macrophages. The plates were then recentrifuged and an inverted microscope was used to visualize germination. The mean germination rate was the percentage of spores forming hyphae among 100 spores counted per well from 10 replicate wells. The bronchoalveolar macrophage-induced reduction in germination rate was the difference in the means: mean control germination rate minus mean experimental germination rate.
Bronchoalveolar macrophage-mediated damage to spores and hyphae were quantitated ( 16, 17) . Triplicate samples of macrophages and spores (in a 5:1 ratio) or hyphae (in a 10:1 ratio) in 50% (vol/vol) fresh sera (normal or diabetic) or HBSS were incubated at 37°C for 1 h. Cell-tospore ratios of 5:1 and cell-to-hyphae ratios of 10:1 gave optimal C'4-release, presumably because of the large size of R. oryzae spores (7) (8) ,um in diameter) and hyphae jim in length, 10-15 jim in diameter).
Control tubes contained only spores or hyphae in sera or HBSS during the I-h incubation and the macrophages were added just prior to their lysis. Following macrophage lysis with 2.5% deoxycholate, spores and hyphae were washed in saline, followed by water. The remaining spores and hyphae were then suspended in yeast nitrogen base broth supplemented with 1% glucose and 0.15% asparagine. Each tube then received ['4C]uracil (2.0 MCi) and was incubated for 2 h (hyphae) or 4 h (spores).
Organisms were washed free ofunbound ['4C]uracil using an automated multisample harvester (Otto Hiller Co, Madison, WI), and the '4C-uptake was quantitated by liquid scintillation counting. Damage to spores and hyphae was calculated as the bronchoalveolar macrophage-mediated reduction in isotope uptake as in our prior studies (16, 17) : [(mean counts per minute in control tubes -mean counts per minute in experimental tubes)/mean counts per minute in control tubes] X 100.
Respiratory burst activity ofbronchoalveolar macrophages. Luminolenhanced chemiluminescence assays were performed on normal and diabetic bronchoalveolar macrophages from uninoculated mice to assess their respiratory burst potential (29) . Chemiluminescence assays were performed at 2.0 ml total volume at ambient temperature in a liquid scintillation counter (Beckman LS 100C, Beckman Instruments, Inc., Fullerton, CA) in the out-of-coincidence mode using a 3H-'4C-window with a gain of 2.5. Macrophages were suspended in phosphate-buffered saline with 0.1% glucose. Each plastic vial contained 1 X I0 macrophages, 6.7 mg of opsonized zymosan or opsonized R. oryzae spores (101-107), and Dulbecco's phosphate-buffered saline containing 0. 1% glucose. Luminol was maintained as a stock solution (10 mg/ml) in dimethylsulfoxide and diluted just prior to use in Dulbecco's phosphate-buffered saline in 1 mM final concentration. Sequential 0.08 min counts were taken on each vial over a period of 15 min, and 0.5 min counts were taken for at least 1 h. Macrophages without added zymosan or spores served as a negative control.
Superoxide production was assayed by a modification of the continuous spectrophotometric assay procedure of superoxide dismutaseinhibitable reduction of ferricytochrome C to ferrocytochrome C (30). Bronchoalveolar macrophages from uninoculated normal or diabetic mice were used. Reaction mixtures contained 1 X 106 macrophages in 1.0 ml phosphate-buffered saline with 0.1 mM ferricytochrome C and were preincubated for 3-5 min at 37°C before the addition of phorbol myristate acetate (1 ,ug/ml). Reference cuvettes contained the same components plus 60 ug superoxide dismutase. Results for stimulated macrophages represent linear rates of superoxide production. The results are expressed as the mean total superoxide production in three min (nanomoles/3 min per 106 macrophages).
Phagosome-lysosome fusion. Evidence for fusion of lysosomes with phagosomes in normal and diabetic bronchoalveolar macrophages was by electron microscopy of acid phosphatase-labeled cells (31, 32) . Macrophages were harvested as above except 0.1 M cacodylate buffer, pH 7.4, with 1% wt/vol sucrose was used. This fluid was used for all ultrastructural cytochemistry. Macrophages were inoculated with 105 R. oryzae spores in 20% normal serum and incubated for 5 h to allow phagocytosis and maximum acid phosphatase production.
Following incubation and washings, the macrophages were given a primary fixation of 15-20 min in 0.1 M cacodylate-buffered glutaraldehyde (1.0%) and formaldehyde (4.0%), pH 7.4, containing 1% wt/vol sucrose. After fixation, cells were washed three times and then stored overnight, and refrigerated in 0.1 M cacodylate buffer, pH 7.4, containing 7% wt/vol sucrose. Ten ml 0.1 M Tris-maleate buffer, pH 5.0, 5 ml of solution containing 25 mg 5'-cytidylic acid sodium, 10 ml 0.2% wt/vol lead nitrate, and 1.24 g sucrose were used for cytochemical staining.
Macrophages were stained at 37°C for 1 h, 45 min. After incubation and washings in 0.1 M cacodylate buffer, macrophages were fixed as above. A secondary 1-h fixation in 1% wt/vol osmium tetroxide buffered by 0.1 M cacodylate was followed by rapid dehydration in graded ethanols and embedding in Epon 812 (Shell Chemical Co., Houston, TX) as in our previous studies (16) . Ultrathin sections through the center of the pellet were cut with diamond knives and examined with an EM 300 microscope at 80 kV (Philips Electronic Instruments, Inc., Mahwah, NJ).
Germination in vitro. Sera were incubated overnight in 5% CO2 to equilibrate the pH before germination assays. R. oryzae spores (103/ well) were germinated in triplicate in flat-bottomed microtissue culture plates at 370C, 5% CO2, for 6 and 24 h. Each well contained 180 Al of alveolar-lining material (normal or diabetic), bicarbonate buffer (pH 7.4), dilutions of sera (normal or diabetic), or Sabouraud's broth. Dilutions of sera or Sabouraud's broth, 10-909% (vol/vol), were made in bicarbonate buffer. In some experiments, the free iron content of 50% diabetic and normal sera was altered by the addition of ferric ammonium citrate (0.1-200 ug/dl) or purified human transferring (0.1-100 gg/dl, Sigma Chemical Co., St. Louis, MO). After the addition of iron or transferrin, sera were allowed to equilibrate for 1 h at 370C, 5% CO2, before the addition of spores. To determine the effects on spore germination, insulin (2 U/ml-20 mU/ml; PU-I00, Eli Lilly Co., Indianapolis, IN) or guinea pig complement (1.5 U/ml-25 mU/ml, Gibco Laboratories, Grand Island, NY) were added to 50% (vol/vol) diabetic and normal sera.
Statistics. The rank sum test was used to compare infection by R.
oryzae or A. fumigatus in diabetic mice (33) . Where appropriate, the standard error of the natural log was used as an estimate of variance (33) . Means±SEM were compared using the Student t test for independent means (two-tailed) (33) . Factorial analysis of variance (33) mg/kg) was administered on day 1, R. oryzae on day 7. n = 20 at each dosage. fumigatus is shown in Fig. 3 . When diabetic mice were challenged with A. fumigatus, there were significantly fewer fatal infections (P = 0.018, rank sum) than diabetic mice challenged with R. oryzae. However, lung recovery experiments indicated that a higher inocula ofA. fumigatus (8.4 X l0±+ 1.0) reaches the lung than does R. oryzae (1.7 X 104+1.9, P < 0.001, t test) after intranasal inoculation with 106 conidia or spores. There was no mortality in normal mice inoculated with 3 X 106 A.fumigat us. Germination of R. oryzae in vivo. Bronchoalveolar lavage was performed on normal and diabetic mice at 18 h after intranasal inoculation of spores. The percent of spores ingested by or attached to bronchoalveolar macrophages and percent spore germination were then determined. The same total number of lavaged leukocytes was obtained from normal and diabetic mice (3.6 X 106±1.0 and 3.6 X 106+3.0/mouse, respectively).
There were no differences between normal and diabetic cells in the mean number of spores attached to or ingested by macphae (arrow) in bronchiole and blood vessel. Grocott methenamine silver stain with light green counter stain (x 100). rophages when counted immediately after lavage or following centrifugation and washings (Table IV) . However, following subsequent in vitro incubation, there were fewer diabetic macrophages remaining associated with R. oryzae spores (P < 0.001). Results ofgiemsa, nonspecific esterase (34), and acridine orange (35) staining confirmed that decreased attachment to spores was not attributable to lower numbers of bronchoalveolar macrophages in lavage fluid from diabetic than from normal mice (87.7±3.0 and 87.3±2.9%, respectively). Moreover, diabetic and normal cell viability remained comparable through the 5-h incubation. Germination of R. oryzae spores was observed only in lavage fluids from diabetic mice (P < 0.01) (Table IV) . After 3 h of subsequent in vitro incubation, the germination rate of lavaged spores increased only in samples from the diabetic mice (P < 0.001). Germination of spores occurred in the diabetic lavage fluids irrespective of their association with macrophages at the time of observation.
Attachment and bronchoalveolar macrophage-mediated damage to spores and hyphae in vitro. The above in vivo ex- choalveolar macrophages were less effective than normals in inhibiting germination of R. oryzae spores in vitro (P < 0.001) (Table VI) . There was no effect of sera on inhibition of germination. Determination of germination rates was precluded beyond 15 h because of progressive growth of hyphae. Damage to spores and hyphae, measured by a reduction in ['4Cluracil incorporation by fungi, following incubation with bronchoalveolar macrophages in buffer or sera was then determined. Normal and diabetic macrophages damaged R. oryzae spores (35.2±4.77 and 52.8±16.51% reduction in isotope incorporation, respectively) and hyphae (59.33±27.82 and 40.87±18.59%, respectively). Incubation in 50% (vol/vol) fresh normal or diabetic sera did not affect the results. Respiratory burst activity. Chemiluminescence and superoxide assays were performed on normal and diabetic bronchoalveolar macrophages to estimate their ability to undergo a respiratory burst. Luminol-enhanced chemiluminescence with normal and diabetic bronchoalveolar macrophages was examined. Opsonized zymosan and opsonized R. oryzae spores generated chemiluminescence from normal and diabetic alveolar macrophages in a concentration-dependent manner. The averagẽ~~~~~~~~~~~~~~~~Ñ peak response occurred at 0.62±0.2 min in five experiments using different cell populations. There was no significant difference between normal and diabetic macrophage chemiluminescence (7.2 X 10-3 cpm representative peak and 16.5 X 10-3 cpm representative peak, respectively).
Normal and diabetic bronchoalveolar macrophages were compared for their phorbol myristate acetate-induced superoxide production. There was no significant difference in the mean initial rate of superoxide-dependent ferricytochrome C reduction in normal and diabetic macrophages (0.67±0.19 and 0. 18±0.04 nmol/min/ 106 cells, respectively).
Phagosome-lysosomefusion. Cytidilic acid was used to label acid phosphatase in lysosomes in order to study their fusion potential in normal and diabetic bronchoalveolar macrophages following phagocytosis of spores. Various degrees of labeled lysosomes with phagosomes are shown in Fig. 4 . The presence of the acid phosphatase marker in the phagosomes as shown I (Fig. 5) is indicative of lysosome-phagosome fusion. There was no defect in fusion in the diabetic macrophages.
Direct effects of sera on germination of R. oryzae in vitro. With increasing concentrations of sera >35%, normal mouse sera allowed germination of <50% of R. oryzae spores, whereas spore germination progressively increased in diabetic mouse sera (Fig. 6) . Differences in percent germination were significant (P . 0.01) at serum concentrations of.50%. Germination assays in the presence of varying combinations of normal and diabetic sera indicated that normal sera did not inhibit germination, rather diabetic sera promoted spore germination (data not shown).
Because available iron can affect R. oryzae growth, the mean serum iron and total iron-binding capacity from three pools of normal and diabetic mouse sera were determined (Table VII) . There were no significant differences in serum iron nor total iron-binding capacity between normal or diabetic mice. percent germination of R. oryzae in normal and diabetic sera could not be altered with the addition of iron concentrations that exceeded complete saturation of the total iron-binding capacity (87.33 ,g/dl), nor with the addition ofsufficient transferrin to bind all free serum iron (35.33 ,ug/dl) (data not shown). The addition of insulin or complement to buffered sera in physiologic or supraphysiologic concentrations did not alter the glucose concentration, the pH ofthe suspensions, nor the percent spore germination. There was no lysis of R. oryzae spores in sera with or without complement addition, and spores were viable when subsequently inoculated into Sabouraud's broth.
Comparable R. oryzae spore germination occurred in both normal and diabetic alveolar-lining material (47.25±2.06 and 51.50±1.07, respectively), although normal alveolar-lining material had significantly higher glucose concentrations than diabetic (1 15±3.5 and 35.5±2.5 mg/dl, P < 0.001). Both normal and diabetic alveolar-lining material were approximately neutral (pH, 7.32±0.27 and 6.95±0.03, respectively). There was no measurable free iron in either normal or diabetic alveolar-lining material.
Discussion
In these studies, streptozotocin induced a mild ketoacidotic diabetes in mice that were predisposed to pulmonary mucormycosis caused by R. oryzae. Our results confirm that diabetic animals had rapidly fatal infection with R. oryzae, Rhizomucor pusillus, R. arrhizus (4), R. microsporus (4), Rhizopodiformis (4) , or Absidia corymbifera (5) . Intranasal inoculation of R. oryzae into diabetic mice resulted in mucormycotic infections which presented pathology closely resembling pulmonary mucormycosis observed in humans: extensive tissue necrosis in the vicinity of hyphae and the penetration of hyphae into vascular structures.
The animal models which have been used previously to examine lowered resistance to mucormycosis have questionable relevance to human mucormycotic infection because of the nonspecificity of effects of inducing agents on host immunity (6) (7) (8) (9) (10) (11) (12) . Sidransky and Verney (1 1) used alloxan-induced diabetes to predispose mice and found 50-80% mortality following intranasal inoculation with A. flavus. In contrast, streptozotocininduced diabetic mice utilized in the present study developed severe R. oryzae infections after challenge intranasally to induce infections by the natural (respiratory) route; yet, they were far less susceptible to challenge with A. fumigatus. These findings parallel the specific enhanced susceptibility to mucormycosis observed in human diabetics. Thus, for the first time, this model provides the opportunity to investigate specific features of host immunologic and natural defense systems that relate to a specific opportunistic mycotic infection.
The observation that spore germination occurred only in diabetic mice following intranasal inoculation confirms earlier studies in which germination did not occur in the lungs of normal mice (12, 13, 36) . Moreover, we found that germination of spores occurred only in bronchoalveolar lavage fluids recovered from diabetic mice. However, with subsequent in vitro incubation in media which favors germination, spores lavaged from diabetic and normal mice germinated at comparable levels (68.3±2.7 and 64.4±1.5, respectively). Thus, R. oryzae spores were not easily killed by either normal or diabetic mice in spite of normal oxidative killing mechanisms, which may explain the recovery of viable spores from the lungs of normal mice as late as 10 d after inoculation. That these spores germinated and grew in vitro suggests that the absence of hyphal forms in inoculated normal mice is due to inhibition of spore germination rather than destruction of the spores in lung tissue.
It appears that normal bronchoalveolar macrophages form part of an efficient defense against R. oryzae by inhibiting germination, the first step necessary for control of these fungi in vivo. Consistent with reports that peritoneal macrophages kill A. fumigatus conidia in vivo and in vitro (28) and that spores of R. arrhizus are phagocytized by pulmonary macrophages in vitro (37), we found that normal bronchoalveolar macrophages attach to, ingest, and inhibit germination of R. oryzae spores in vivo and in vitro. In contrast, there was a significant decrease (16, 17) to include the effects of bronchoalveolar macrophage-mediated damage to R. oryzae spores and hyphae. Normal macrophages attached to and damaged R. oryzae spores as measured by both reduced isotope incorporation and reduction in plate counts. Additionally, normal mouse macrophages damaged the large tissue-invasive hyphae ofR. oryzae in the absence ofcomplete ingestion. The mean amount and range of damage to hyphae by bronchoalveolar macrophages from normal mice were consistent with that observed in prior studies with polymorphonuclear and mononuclear cells (16, 17) . With all cell types, attachment to hyphae occurred in the absence of serum. Experiments performed with diabetic bronchoalveolar macrophages and diabetic sera resulted in a similar range of macrophage-mediated damage.
A decreased affinity ofdiabetic bronchoalveolar macrophages for R. oryzae spores following lavage and subsequent in vitro incubation was observed. Diabetic sera also reduced the attachment of normal and diabetic macrophages to spores. These in vitro results contrast with those noted above in vivo, where differences in attachment of macrophages to fungi were not observed. However, this is not surprising for two reasons: first, because the in vivo results reflect a prolonged ( 18 h) incubation period where early defects in cell contact might be overcome and, second, because the in vivo studies presumably reflect primarily the opsonic effects of bronchoalveolar lavage fluid rather than of sera. Thus, the diabetic milieu in serum may limit the effectiveness of macrophages in clearance of fungi from the bronchoalveolar spaces and from the pulmonary circulation; ultimately, this may then determine whether or not initial infections progress. This is particularly relevant because, as noted above, viable spores disseminate even in normal mice, but germination and progression of mucormycosis occurred only in diabetic animals. Within the bronchoalveolar spaces, alveolarlining material may play a major role in antimicrobial defenses (27, 38, 39) . However, in vitro germination assays using alveolarlining material from normal and diabetic mice indicated that, unlike the reported bactericidal effects (27, 38, 39) , alveolarlining material had no fungicidal activity. Additionally, there was neither increased attachment nor enhanced bronchoalveolar macrophage-mediated fungicidal activity against spores in the presence of alveolar-lining material. Thus, results of our in vitro and in vivo studies may reflect differences in localization and/ or time course of diabetic-associated defects in macrophage antifungal activity.
Normal human serum inhibits the hyphal growth of zygomycete species (40) , and this inhibitory activity is reduced in serum from ketoacidotic diabetic patients (41) . We have previously shown that the factor(s) which restrict spore germination are reversible and are not antispore antibodies (13) . Our findings of limited spore germination in normal mouse sera and increasing spore germination in diabetic sera extend these observations to the critical step involving conversion of R. oryzae to its tissue-invasive growth phase. Hyperglycemia alone does not permit spore germination, as addition of .300 mg/dl glucose to normal mouse sera did not increase spore germination (Waldorf and Diamond, unpublished data). Moreover, rabbits rendered hyperglycemic (but not ketoacidotic) by sustained glucose infusions or chronic alloxan-diabetes were not susceptible to infection by intranasal inoculation (5, 42) . It has been postulated that at the normal human blood pH, iron is chelated by transferrin, leaving little or no free iron in the sera to support fungal growth (3). However, neither excess iron nor transferrin altered spore germination in normal or diabetic sera. Because normal mouse blood pH is alkaline (pH 7.8) and dropped to a mildly acidotic pH (7.4) after intranasal challenge of normal mice without causing infection, it appears that pH effects on iron availability is only one of several components which might affect germination.
Specific host defense defects accounting for the enhanced susceptibility of uncontrolled diabetics to mucormycosis are not well characterized. The streptozotocin-induced murine model of diabetes provides a system for examination of host immune factors affecting the pathogenesis of mucormycosis. Prevention of mucormycosis requires control of either spore germination and/or hyphal growth by the host. The predisposing factors in murine diabetes to mucormycosis appear to be multifactorial. We found that in diabetic mice, bronchoalveolar macrophages had a decreased ability to inhibit germination ofR. oryzae spores, and serum factors appeared to both promote germination and impair attachment of macrophages to spores.
